In this letter the authors studied the method to control the position of the generated defect on the slit of the patterned vertical alignment liquid crystal ͑LC͒ cell with dynamic stability. The authors modeled the LC director field with a defect on the slit and proposed an advanced wing pattern with a defect trap to stick the defect outside the active area. This shape can prevent the generation of the defect on the slit in the active area even if the authors increase the operation voltage, so that the LC dynamics on the slit is very stable and optical transmittance becomes higher. © 2007 American Institute of Physics. ͓DOI: 10.1063/1.2432251͔
The demand for large-area flat panel display televisions ͑TVs͒ has been increased by the expansion of the digital TV market. Liquid crystal displays ͑LCDs͒ occupy a prominent position in the flat panel display market, and these days the LCD market size is rapidly growing. LCD TVs have the advantages of high resolution, light weight, slim thickness, etc. In order to maximize electro-optical characteristics, many companies and research groups have been developing advanced technology for LCD display quality. In particular, patterned vertical alignment ͑PVA͒ technology, 1 developed by Samsung Electronics as a practical and wide-viewing angle mode, is one of the most useful modes for large-sized application. PVA characteristics include a multidomain structure formed by a fringe-field effect and optical compensation by retardation films. 2, 3 In general, however, liquid crystal ͑LC͒ cells using the multidomain effect for wide viewing show relatively low transmittance because the nonuniform voltage distribution due to patterned electrodes can make the active area of the PVA cell have strong energy locally, so that defects can occur in the active area.
The generated defect can affect both the dynamic stability and the optical transmittance. LC dynamics near the edge of the slit is very unstable because there is a strong competition for the LC director's strain energy around the active area and edge on the wing pattern, so that we can easily find an unstable defect line on the slit. A conventional PVA mode uses a notch structure around the center of the slit to prevent the generated defect from moving when we apply the voltage, as shown in Fig. 1 . However, this structure can also make another defect between the notch structure around the center of the slit and the edge of the slit. In addition, a defect that is generated by the notch structure on the slit and the edge of the slit moves to the active area when the voltage is increased. In this letter, we simulate and model the LC director field with a defect on the slit with a notch pattern. In order to remove the induced defect on the slit of the active area by the notch pattern and the slit edge, we propose an advanced shape of the slit edge ͑wing pattern͒ with excellent dynamic stability, which can prevent the defect from moving to the active area. We compare the electro-optic characteristics of the LC director by the proposed electrode structure cell with the conventional electrode structure by using threedimensional simulation.
In general, the conventional PVA cell without the notch structure in the center of the slit demonstrates very unstable dynamic behavior because the generated defect due to the competition of the strain energy from the slit edge moves along the slit by the application of voltage. The dynamic instability of the LC director field is shown in Fig. 2 . The dotted ellipse points represent the slit with the notch structure, and the solid ellipse represents the slit without the notch structure. In the figure, we can find different dynamic responses of the LC director to the applied voltage between the a͒ Authors to whom correspondence should be addressed. experimental pixels. The slit of the PVA cell with the notch structure shows the same dynamic behaviors between pixels. On the contrary, without the notch structure, we can observe that the defect is generated in pixel 3, and not generated in pixels 1 and 2 even if we apply the same voltage to the cell. The generated defect on the slit without the notch pattern moves along the slit by the application of voltage and shows very unstable electro-optical characteristics. Therefore, the notch structure applied to the electrode structure can lead to very stable dynamic behavior of the defect. On the contrary, however, the notch structure in the center of the slit can generate another defect. In Fig. 2 , we can find two positions of the defect on the slit with the notch pattern ͑the dotted ellipse region͒. A defect on the upper position is caused by the notch, and we can observe another defect on the lower position, which is induced by the nonuniform voltage distribution around the edge of the slit and the notch structure. Therefore, the notch structure in the middle of the slit can prevent the dynamic instability of the LC director field, but can induce another defect on the slit of the PVA cell.
In order to achieve the LC configurations in the equilibrium state, we need to calculate the minimum free energy. For the calculation of the free energy, we use Gibb's free energy of the LC cell that is composed of elastic constants and electric field terms. In general, the elastic energy can be expressed with the Oseen-Frank vector representation that uses three elastic constants ͑splay, twist, and bend͒ and Q-tensor representation method. [4] [5] [6] [7] [8] However, the OseenFrank equation with the vector form cannot exactly describe the director orientation in the local area that stores high elastic deformation energy because the equation depends on the sign of the unit vector describing the director field. On the contrary, recent studies have provided that the numerical modeling method with the Q-tensor form can exhibit more exact results in the local area with high deformation energy, which may induce the defect and the phase transitions between topologically different states. [6] [7] [8] As for the PVA cell, it also contains local points on the slit with very high elastic deformation energy, obtained by applying the voltage, so that the Q-tensor method is more suitable for modeling the LC director configuration in the PVA cell.
In order to compare the modeling to the experimental result, we set geometric parameters to the same values as the real panel, as shown in Fig. 1 . The distance between the slits is 20 m, the width of the slit is 10 m, and the cell gap was set to 3.8 m. The parameters of the used LC are as follows: k 11 = 12.7, k 22 =6, k 33 = 15.3, ␥ = 0.133, ʈ = 3.6, and Ќ = 7.4. Figure 3͑a͒ shows three-dimensional modeling of the LC director field on the slit with the notch structure in the middle layer of the LC director. The director configuration in the solid circle represents the defect generated by the notch structure in the center of the slit, and that in the dotted circle represents the defect due to the competition of the strain energy by the edge of the slit and the notch structure of the center. The defect by the notch pattern ͓the solid circle in Fig. 3͑a͔͒ shows a point disclination which has a Frank index n = −2 with strength s = −1. In general, point disclination with s = 1 can be performed in two ways, upward and downward directions. 9 The upward portion and the downward portion are linked, which are centered by two singular points. Therefore, the notch pattern on the slit can induce another point disclination with a Frank index n = 2 with strength s = 1. The dotted circle in Fig. 3͑a͒ shows the induced disclination line by the defect from the notch pattern. The position of the induced defect on the slit can be decided by the boundary condition of the slit edge. Figure 3͑b͒ shows the cartoon of the modeling of the singular point for Fig. 3͑a͒ with Frank index n = ± 2 and strength s = ±1. 9 Figures 3͑c͒ and 3͑d͒ show the cross-sectional view of the simulated LC director field with the induced defect and cartoons for modeled LC director field with the defect, respectively. In the figure, we can observe the "escape" of the disclination to the downward direction, so that the distortion around a centerline with s = −1 is continuously transformed into a smooth deformation with no singular line. On the contrary, the induced disclination on the slit also escaped to the upward direction and shows the continuous LC director profile. The cartoon in Fig. 3͑d͒ describes the escape of the point disclinations with s = ±1. 9 The difference between Figs. 3͑c͒ and 3͑d͒ can be observed near the surface of the substrate because the cartoon in Fig. 3͑d͒ applies infinite boundary along the z direction.
The notch pattern of the slit plays a very important role to prevent instability of the LC director field with the defect. ͑a͒ modeled LC director field in the top view, ͑b͒ a cartoon of the director orientation with defect for the top view, ͑c͒ modeled LC director field in the cross-sectional view, and ͑d͒ a cartoon for modeled LC director field with defect.
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As previously noted, however, the notch pattern of the slit intrinsically follows another defect with opposite strength. In this letter, therefore, we propose the defect trap at the edge of the slit, which can stick the induced defect outside the active area. Figure 4 shows the comparison of the LC director field with the defect by the conventional slit and the advanced slit with the defect trap. In order to take the defect by the notch structure out of the active area, we applied the advanced shape of the slit, as shown in Fig. 4͑b͒ . In order to push the defect to the edge of the slit, we need to make a geometric position, which can store strong elastic energy on the edge, as shown in Fig. 4͑b͒ . The solid circle indicates the defect trap structure in the slit edge to fix the induced defect. The defect trap in the slit edge moves the induced defect ͑s = +1͒ to the position of the defect trap on the slit edge, which is outside the active area, so that the induced defect by the slit edge and the notch structure in the center are always out of the active area even if we change the applied voltage.
In Fig. 4͑b͒ , we observe that the defect trap structure on the edge of the slit effectively prevents the induced defect from moving to the active area compared to the conventional cell in Fig. 4͑a͒ . Figure 5 shows the comparison of the calculated optical transmittance of the PVA cell with the defect trap and without the defect trap on the slit edge. A black area represents the black mask. We can observe that the optical loss by the induced defect can be effectively removed because the position of the induced defect moves under the black matrix area. The calculated response time of the proposed structure was 3.7 ms, which is almost the same as that of the conventional structure. However, optical transmittance of the proposed structure was higher ͑2.3 a.u.͒ compared to the conventional structure ͑19.7 a.u.͒ on the slit area. Calculation has been done using the commercial software TECHWIZ LCD ͑Sannayi-system, Korea͒, which applies the Q-tensor method to calculate the LC director field.
In conclusion, we simulated the LC director field with the defect in the PVA LC cell with the notch structure on the slit. We observed a pair of defects on the slit and modeled the defect by the Q-tensor method ͑s = ±1͒. We proposed the defect trap on the slit edge, which can effectively push the induced defect outside the active area. In order to verify the effect of the defect trap on the slit, we modeled the motion of the defect on the slit and confirmed that the defect is trapped on the edge of the slit, which is outside the active area, even though we increased the voltage. 
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